Résumé. 2014 On utilise la diffusion spectrale qui apparait dans les expériences de 
HAL Id: jpa-00210355 https://hal.archives-ouvertes.fr/jpa-00210355
Submitted on 1 Jan 1986
HAL is a multi-disciplinary open access archive for the deposit and dissemination of scientific research documents, whether they are published or not. The documents may come from teaching and research institutions in France or abroad, or from public or private research centers.
L'archive ouverte pluridisciplinaire HAL, est destinée au dépôt età la diffusion de documents scientifiques de niveau recherche, publiés ou non, emanant desétablissements d'enseignement et de recherche français ouétrangers, des laboratoires publics ou privés.
Non-linear electron spin resonance study of Abstract. 2014 The spectral diffusion occurring in non-linear electron spin resonance experiments performed at a suitable frequency of field modulation is exploited to gain dynamical information on an unusual class of lipids extracted from bacteria living in extreme physical conditions (high temperature and very low pH). These lipids are quite different from the usual fatty acid lipids and their molecular structure seems to play a particular role in the stability of the plasma membrane of these bacteria. An accurate and extensive determination of the magnetic instrumental parameters allowed a reliable calculation of the rotational correlation time of suitable spin labelled lipids which mimic the dynamical behaviour of the lipids under investigation. The (Redfield approach [2] ) and by then solving the equation of the evolution of the spin density matrix [3] [4] [5] . These calculations require the assumption of a particular model for the molecular reorientation and, in anisotropic systems, of the orienting potential [6] [7] [8] .
For slower molecular motions (3 x 10-9 s 10-' s) the time-dependent part of the spin Hamiltonian does not fluctuate rapidly enough and the perturbation theory of Redfield is no longer valid The simplest approach for a theoretical analysis of the ESR response is to solve the Bloch equations, modified by adding a diffusion term [9] ; however, this theory does not take into account pseudo-secular transitions [1] . A more powerful treatment is based on the stochastic Liouville equation that describes the equation of the motion of the spin density matrix [10] and has been solved for isotropic media by using approximate numerical methods [11] [12] [13] . In the case of anisotropic systems the theory becomes more complex [10, [14] [15] and extensive simulations are involved, requiring large amounts of computer time and storage [16] [17] [22] showed that the second harmonic absorption out-of-phase display represents the most suitable and sensitive display in saturation transfer spectroscopy and introduced a commercial spectrometer which allows this kind of experiment to be performed with nearly the same ease as conventional ESR ones.
ST-ESR spectra can be calculated by taking into explicit account the effects of field modulation and saturation in the theory. Again the simplest approach is to start with the diffusion-coupled Bloch equations, except that now the constant magnetic field is replaced by a sinusoidal one [23] . A more advanced simulation method uses the stochastic Liouville theory [24] [25] that has been extended to anisotropic rotational diffusion [26] . Current simulation of ST-ESR spectra of nitroxide spin labels requires a great demand for computer time and memory [27] [28] , but the development of fast computer programs, based on suitable approximations in the theory, is in progress. Some advances have been published recently [29] [30] . Thomas et al. [22] have introduced a method for obtaining very slow rotational correlation times from the ratio of the spectral parameters C'/C, L"/L and H"/H (shown in Fig. 4 ) measured on second harmonic, 90°o ut-of-phase, absorption spectra. In fact, they have constructed calibration curves of these line shape parameters against rc, deriving these latter from experimental reference spectra of spin-labelled hemoglobin in solvents of an increasing viscosity [22] [22] . A method followed in the literature consists in performing an analysis of anisotropic motion by using the isotropic reference data [25, 31] ; however this procedure can sometimes be misleading in the estimation of correlation times [32] . However, the most straightforwardly computable ratio C'/C arising from a stearic acid spin label undergoing anisotropic motion in a lipid dispersion has been shown to exhibit a behaviour qualitatively similar to that of the isotropic motion model [33] . The use of Thomas et al. [22] calibration curves requires an accurate spectrometer setting, in order to work in their same instrumental conditions. Indeed, since the line shape of ST-ESR spectra is critically dependent upon the extent and distribution of the microwave magnetic field and the modulation amplitude [34] [35] [36] , an exact calibration of these parameters has proved to be necessary.
We have performed an ST-ESR spin label study of bipolar lipids extracted from Sulfolobus solfataricus, an extreme thermo-acidophilic archaebacterium growing at about 85 °C and pH 3, in order to detect the presence of molecular rotational diffusion in the very slow motion region. The chemical structure of these lipids is remarkable different from that of normal lipids [37] and is shown in figure 1 . This confers on the lipids very peculiar features from the dynamical and structural points of view [37] [38] [39] Glycerol-dialkyl-nonitol-tetraether (GDNT) was extracted from Sulfolobus solfataricus and purified according to procedures previously described [37] . It consists of two C40--., biphytanyl residues having two polar heads (one glycerol and one nonitol). The hydrophobic chain may contain from zero up to four cyclopentane rings per chain. The 5-doxylstearic acid spin label (5SASL) was purchased from SYVA Res. Chem. (Palo Alto) (its formula is shown in Fig 1) and l.l-diphenyl-2-picrylhydrazil (DPPH) from Fluka (Switzerland) . N-methylphenazinium tetracyano-qui- [41] In equation (1), 11 is the filling factor, V. and Vw are the sample volume and the volume of a section of waveguide on guide wavelength long respectively, QL is the loaded cavity Q factor and r the reflection coefficient at the cavity. Since the determination of these parameters is very difficult, a direct experimental measurement of the microwave magnetic field incident on the sample is required We followed the method of perturbing spheres [42] which allows a determination of the microwave magnetic field strength at a position in the cavity by monitoring the resonant cavity frequency shift induced by a small metallic sphere placed at that position, according to the equation [42] where all the parameters are in MKSA units with the exception of Hl which is expressed in gauss. In equation (2), vo is the unperturbed cavity resonance frequency, v the perturbed cavity resonance frequency, a the radius of the perturbing sphere, P; the measurable power incident on the cavity when matched and v2 -vl the width of the critically coupled cavity « dip » at the 3-dB points (half-power) in the klystron power mode [40] . [44] . Another point sample useful for an accurate Hi determination consists of a small drop of DPPH embedded in epoxy resin [46] . The value of H1 can be determined by simply measuring the ESR signal height. In the presence of solvent in the sample, the signal intensity of the DPPH probe reflects both the dielectric loss and the lens effects, which are expressed by the cavity Q and the filling factor fl, respectively [40] . Below saturation, (Hl Z 0.2 G) [46] , the following equations [40] Under these conditions the sweep of the Zeeman magnetic field through resonance is so slow that, in the rotating frame, the resultant magnetization vector lies along the effective field throughout the sweep, but is still fast compared to T1. In order to gather the maximum information on the saturation behaviour it is convenient to have T1 = wm' [22] . Since T 1 is of the order 10-6 s for nitroxide spin labels [22] , the passage is no longer adiabatic if r,: = 5 x 10 -' s [25] ;
in this case the magnetization vectors are no longer aligned along the effective fields, and the experimental observable is altered. This situation creates a phase lag which therefore contains information on the molecular tumbling in the motional range 10-' :
T,v ' 10-' s [25] . Conventional [1] , and therefore on the resonance value of the magnetic held This means that saturation transfer leaves some spectral points, the so-called « turning points », totally unaffected, and has its maximum effect at field values in between them. ST-ESR spectra can therefore be well characterized by three independent line shape parameters [22] , L"II, C'jC and H"jH, shown in figure 4 . Thomas et al. [22] have developed a method to obtain rotational correlation times from these spectral parameters. In fact, they have calibrated them against -r,, by applying the Debye equation for Brownian rotational diffusion to spin-labelled macromolecules. This procedure is the cornerstone of the ST-ESR method since, up to now, almost all experimental spectra have been interpreted on the basis of those calibration curves.
However these spectra are very much influenced by the experimental settings [22] [44] led to a k value of 2.65 G /W. A possible interpretation of this discrepancy may be given as follows : the steel ball volume is greater than the crystal one and broadening behaviour may arise because of the field inhomogeneities within the cavity. [3] . surable). Confirmation of this hypothesis comes from plotting the L"/L ratio vs. C'/C, for increasing temperatures, as indicated by Johnson et al. [33] . A possible interpretation is that C'/C yields information on the motion around the long molecular axis of the spin label, whereas L"/L gives the correlation time for motion of the long axis itself [31] . The plots of these two spectral parameters vs. temperature are given in figure 5 . A plateau in the temperature range 45 50°C suggesting that the system undergoes a broad structural transition at this temperature. X-ray crystallografic studies also performed on the same biological system [39] indicated a transition in the same temperature range from rectangular, Pa, to a hexagonal, HII, phase.
The most remarkable feature arising from this ST-ESR study lies on the high values of the correlation times. Since 5SASL spin probes yield information about the lipid portion near the nonitol polar head [38] (strictly speaking we measure the mobility of the spin probe, but this motion is assumed to be conforming with the molecular motion of lipid molecules in which the spin probe is dissolved in), these results indicate the ability of the nonitol polar heads to establish highly cooperative interactions even at high temperatures (80 OC). Since the nonitol polar head is exposed towards the outside of the cell [38] , such strong interactions might explain the great stability of the plasma membrane even under those extreme environmental conditions corresponding to the physiological ones.
Conclusions.
An accurate determination of the magnetic instrumental parameters upon which the ST-ESR line shapes are critically dependent, allowed us to perform a non-linear ESR study in order to gain dynamic information on GDNT lipids extracted from an extreme thermoacidophilic archaebacterium. The correlation times turned out to be unusually large, as compared with the ordinary lipid ones, and the molecular motion showed an anisotropic nature, even at very high temperatures.
Even if lipid-protein interactions cannot be ruled out, this behaviour may be partly responsible for the great stability of the plasma membrane which allows these bacteria to withstand the high physiological temperature and the high pH gradient.
